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ABSTRACT Substrate-integrated-waveguide (SIW) technology can eliminate the limitations associatedwith
conventional rectangular waveguides, i.e., bulky structures and production complexity at higher frequencies.
Moreover, SIW technology replaces microstrip structures eliminating the drawback of excessive radiation
leakage at higher frequencies. SIW power dividers are key elements in SIW antenna array synthesis. A SIW
power divider’s design procedures are more complicated than conventional microstrip power dividers.
However, no comprehensive review with design guidelines of substrate-integrated-waveguide (SIW) power
dividers has been reported. In this paper, different types of SIW power dividers based on their configurations,
functionality, and operating principles are analyzed and some recommendations are made for selection
purposes. A comprehensive design guideline for SIW power dividers is given in this paper through a
comparative study of T- and Y-type SIW junctions. These guidelines are based on key parameters, including
insertion loss, isolation, co-phase bandwidth, return loss bandwidth, and phase balancing. This study
provides valuable information for selecting and designing the best possible configuration of SIW power
dividers for specific applications in microwave and millimeter-wave frequency ranges. A case study of a
Ku-band SIW power divider is performed for a Ku-band soil moisture radiometer SIW antenna array.

INDEX TERMS Insertion loss, isolation, millimeter-wave, power divider, phase balancing, RMS phase
error, return-loss bandwidth, substrate integrated waveguide (SIW).

I. INTRODUCTION
Substrate-integrated-waveguide (SIW) technique has gained
huge importance in designing all microwave and mm-wave
integrated circuits such as multiplexers, mixers, power com-
biners, and antenna feed networks [1], [2]. Compared to
integrated SIW structures, conventional waveguides provide
higher power capability, higher quality factor, lower loss,
and wider bandwidth [3], [4], [5]. However, these waveg-
uides’ heavy and bulky structure limits their integration
with other systems at microwave and mm-wave frequency
domains. Tomerge rectangular waveguides with planar struc-
tures, some sophisticated transitions have to be incorpo-
rated, but these transitions require mechanical assembling
that is very difficult and expensive at millimeter frequency.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wenjie Feng.

To compensate for this drawback, a planar microstrip con-
figuration can be used, but at higher frequencies, there is
radiation leakage from the microstrip lines, resulting in poor
isolation and insertion losses [54]. Furthermore, microstrip
lines become very thin at higher frequencies resulting in
poor performance of dividers. In terms of transmission loss,
waveguides are considered to be the most appropriate option
compared to microstrip lines or other suspended lines.

To avoid mechanical assembling, integrated SIW technol-
ogywas introduced inwhichmetallic rows of vias/conducting
holes are incorporated on the same substrate to realize bilat-
eral edge walls [6], [7], [8]. Such transitions are done on the
same substrate, so there is no need for mechanical assembly.
The rows of vias act as electric shields helping to avoid any
radiation leakage. This technology gives both advantages of a
higher Q-factor and easy fabrication on a printed circuit board
(PCB) which means that CNC machining is not required.
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All other transitions, such as microstrip lines and coplanar
waveguides (CPWs), can be integrated on the same substrate.
Hence, a system in a package (SOP) can be integrated easily,
enhancing system reliability and manufacturing repeatability.

Initially, researchers focused on embedding the SIW tech-
nique in feeding structures of many antenna types, such as
parallel-plate slot array antennas. SIW feeding techniques
proved to be promising candidates in terms of their practical
feasibility in fabrication for millimeter-wave applications.
In 1998, researchers incorporated the SIW feeding technique
for the first time due to its advantages [7]. There are several
feeding methods reported in the literature to excite a TEM
wave in a parallel plate waveguide. These methods include
horn structures, parabolic reflectors, and feed structures using
non-radiative dielectric (NRD) [9], [10], [11], [12], [13], [14],
[15], [16]. However, all these methods require more space to
be integrated on the same radiating surface. SIW technique
was initially introduced as a feeding technique and later
gained significant attention as a power divider in the research
field. They act as reciprocal structures and can be used as
combiners as well as splitters [1], [2]. To design a functional
divider, achieving low attenuation and phase balancing are
the most important parameters that have to be considered.

There are different types of SIW power divider topolo-
gies which include corporate, series, multimode interference
(MMI), half-mode (HM) SIW (HMSIW), QMSIW, EMSIW,
radial cavity, Wilkinson, and Gysel. Each topology needs
to be well investigated and understood based on a number
of factors, including bandwidth enhancement techniques and
reflection canceling techniques caused by abrupt SIW bend.
This paper will critically evaluate each topology’s advantages
and disadvantages and their recent development. To date,
many studies have been done on SIW power dividers that
include Y or T dividers [17], [18], [19], radial cavity power
dividers [20], [21], [22], [23], and multi-layer power dividers
[24], [25], [26]. All these studies will be reviewed in this
paper in detail.

The paper is organized as follows: Section II will demon-
strate analytical equivalence between a substrate-integrated
waveguide (SIW) and a rectangular waveguide, highlighting
the SIW characteristics along with brief design guidelines
through mathematical expressions. Section III will compre-
hensively overview different types of SIW power dividers
based on their topologies. Section IVwill present comprehen-
sive design guidelines for designing a basic 2-way SIWpower
divider. This section discusses different design parameters in
detail through simulations and parametric analysis. Finally,
Section V concludes and recommends various options for
SIW power dividers depending upon the system requirements
as well as their pros and cons. This paper will develop a
process for selecting SIW power dividers for specific appli-
cations e.g., power dividers with an unequal split ratio help
in beamforming, while corporate power dividers are promis-
ing for easy phase equalization, and series power dividers
are prioritized for frequency scanning as in leaky wave
antennas.

FIGURE 1. Substrate integrated waveguide: (a) isometric view,
(b) horizontal cross-section, and (c) equivalent rectangular waveguide.

II. ANALYTICAL EQUIVALENCE BETWEEN
SUBSTRATE-INTEGRATED WAVEGUIDE (SIW) AND
RECTANGULAR WAVEGUIDE
A substrate-integrated waveguide (SIW) comprises a thin
dielectric substrate sandwiched between two solid metallic
planes. Rows of metallic vias form the two conductor side-
walls. The center-to-center distance of two adjacent vias is
denoted by s and the via diameter is d . The width w is
the center-to-center spacing between the two rows of vias.
To analyze a SIW, the structure of a SIW is converted into
its equivalent dielectric-filled rectangular waveguide. Then,
the fundamental theory of conventional rectangular waveg-
uides can be applied to SIWs by considering the differences
between rectangular waveguides and SIWs. The configura-
tion of a SIW and its equivalent rectangular waveguide are
shown in Fig. 1. To find the equivalent rectangular waveg-
uide for a SIW, the width w cannot be used directly as the
rectangular waveguide width. The reason for that is due to
the space between adjacent vias and the via shape. Thus, the
effective width weff needs to be computed from w, s, and d to
build the SIW’s equivalent rectangular waveguide. Given the
condition of sufficiently small spacing between the vias, the
effective width weff of a SIW is calculated as in [51]

weff = w−
d2

0.95s
(1)

A more refined empirical equation to compute weff that
takes the ratio of d to w into account is as [52]

weff = w− 1.08
d2

s
+ 0.1

d2

w
(2)

As a result, the SIW in Fig. 1(a) is equivalent to the
dielectric-filled rectangular waveguide with the dimensions
of h × weff as shown in Fig. 1(c). From now, one can utilize
classical waveguide theory to compute the SIW’s cut-off
frequency for a particular model. The cut-off frequency of
a classical waveguide is written as in (3), [64].

fcmn =
1

2π
√

εµ

√(m
a

)2
+

(n
b

)2
(3)

where m and n are the numbers of half-wave variations of the
field in the x and y directions, respectively; ε and µ are the
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dielectric permittivity and permeability, respectively; a × b
are the interior dimensions of the waveguide. In the case of a
SIW here, a is weff while b is h.
However, due to the sidewall structure of SIWs, the guided

wave and leakage characteristics of a SIW are slightly dif-
ferent from those of a rectangular waveguide counterpart.
In terms of mode propagation, TM modes cannot be excited
and extracted; a SIW supports only TEm0 modes. In TEm0
modes, the current on the narrow wall flows parallel with
vias, therefore, the slots between vias do not cut the surface
current. Hence, TEm0 modes can be maintained in the SIW
structure. In contrast, if TM modes exist, a transverse mag-
netic field will generate a longitudinal surface current. The
vias slots on the narrow walls will cut the current and cause
radiation. Therefore, only TEm0 modes are preserved in the
SIW structure. Consequently, the cut-off frequency for TEm0
of the SIW is expressed as

fcm0 =
1

2π
√

εµ

m
weff

(4)

Moreover, because of the spacing between metallic vias,
the side walls cannot shield electromagnetic waves com-
pletely, as in the case of conventional waveguides, SIWs suf-
fer from more leakage loss. Also, SIWs probably experience
electromagnetic band-stop phenomena due to the periodic
structure of metal posts. It is suggested that the s/d ratio
should be less than 2 to reduce the leakage loss. The d/w ratio
is chosen to be less than 1/5 to minimize the degradation of
SIW dispersion characteristics [52].

III. CLASSIFICATION OF SIW POWER DIVIDERS
SIW power dividers are widely used in microwave and mm-
wave frequencies as a replacement for waveguide-like struc-
tures, resulting in compactness at such high frequencies. The
main building blocks of a complete N-way power divider
have three major parts: T-junctions, Y-junctions, and SIW
bend. The overall performance of a power divider highly
depends upon the structure of these basic building blocks.
These power dividers can operate in equal or unequal split
ratios depending on system requirements. Power dividers
with un-equal split ratios, help in reducing the beam squinting
by providing a balanced phase over the operating bandwidth.

In this study, SIW power dividers have been classified
into the following categories, as shown in Fig. 2, based on
their compactness, mutual coupling, additional losses due to
traveling paths, and bandwidth requirements. Each category
has its pros and cons and can be prioritized depending on the
system design requirements.

A. CORPORATE (TREE) DIVIDER
This type of divider is capable of providing equal or unequal
power splits depending upon the system requirements. Usu-
ally, these dividers undergo higher insertion loss because the
signal has to travel longer lengths as compared to the other
simpler divider topologies. Moreover, it undergoes multi-
ple reflections at multiple bends of each stage. Y-junction

FIGURE 2. Classification of SIW power dividers.

FIGURE 3. (a) Y-shaped power dividers with equal power distribution,
(b) with unequal power distribution, (c) with lower SIW width to
eliminate power shift (d) four-way power dividers with non-uniform
power distribution [27].

power dividers are a popular type of power divider in most
of the reported works. In [27], a four-way power divider
with non-uniform power distribution was designed, as shown
in Fig. 3. This design consists of Y-junction dividers and
right-angle SIW bends. The non-uniform power division is
achieved by displacing the center inductive pole to a differ-
ent position. Non-uniform power distribution plays a vital
role in suppressing side lobe levels and shaping beams in a
particular direction. Fig. 3 (a) shows a uniform Y- junction
power divider with an inductive pole placed in the center.
Fig. 3 (b) shows a non-uniform Y-divider with an inductive
pole displaced towards the left side. Fig. 3 (c) shows the
same Y-divider but with lower SIW width. This design’s
dimensions are not symmetric, which is obvious from the
right-sided SIW bend. Lower SIW width helps eliminate the
phase shift. On the other hand, it will disturb the power
distribution level too. So, both factors i.e., SIW width and
via position, have to be optimized to get desired results.
Fig. 3 (d) shows the design of a four-way power divider
with non-uniform power distribution. Although the Y-type
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FIGURE 4. (a) Basic Y-shaped divider, (b) Y-shaped power divider to avoid
sharp stop peak with equal power distribution [30].

divider helps in enhancing bandwidth, at the same time,
it has a drawback of sharp stop peaks in the operating band-
width [28], [29], [63]. To avoid this limitation, the researchers
tried to introduce TE10 and TE30 modes in the coupling
region [30]. They have divided the complete Y-divider into
three regions i.e., Region I consists of input ports, and Region
II is a coupling region between the input and output ports.
Region III consists of output ports. In the coupling region,
E-field distribution has been changed by doing amendments
in SIW walls. The new proposed design consists of 5 regions
instead of 3, as shown in Fig. 4.
T-type two-way power divider and Y-type two-way power

dividermodels have been designed and optimized in [18]. The
one-step normalized design curves for both topologies have
been proposed in this paper. These curves can help in opti-
mization techniques for designing multi-way power dividers.
A bandwidth of 25.2% was achieved by the Y-junction and a
bandwidth of 10.2% was achieved by the T-junction.

Corporate dividers can be single-layered as well as multi-
layered. Multi-layered topology provides the benefit of
higher compactness as compared to single-layered configu-
ration.

1) SINGLE-LAYERED POWER DIVIDERS
There have been a huge number of publications on
single-layered corporate power dividers [19], [31], [32],

FIGURE 5. Structure of the proposed four-way SIW power divider [31].

[33]. Researchers have incorporated different techniques to
achieve better impedance matching throughout the opera-
tional bandwidth. These methods include the introduction
of inductive posts, right-angle SIW bends, and curved SIW
bends instead of abrupt corner bends. One of the researchers,
Karimabadi [31], proposed a 4-way corporate power divider
by using only Y-junction dividers and right-angle SIW bends,
as shown in Fig. 5. This design achieved a bandwidth of
40% from 4.5 GHz to 6.8 GHz. In this power divider, the
overall substrate integrated waveguide is divided into two
parts by the main conducting wall, as shown in Fig. 5. Each
part is further divided into two parts to make a complete
4-way power divider. Microstrip-to-waveguide transitions
have been incorporated at each input and output port to yield
a planar feed structure [31]. Along with the achieved wider
bandwidth, there were some phase and amplitudemismatches
at different ports over the operating bandwidth.

Similarly, another SIW slot array antenna in the Ku band
was developed with a 1 × 8 SIW power divider along with
an 8× 10 slot array antenna [32]. This power divider has been
designed by using Y-type power dividers, and right-angle
SIW bends instead of inductive posts, as shown in Fig. 6.
Major operating parameters of power dividers, such as oper-
ating bandwidth and return loss, are highly dependent upon
one design parameter. The design parameter is the distance of
the input port from the conducting wall that divides each path
into two. This length is denoted by L. For this design, there is
a deviation of operating frequency of around 4 MHz between
simulated and measured results.

Another design of a single-layer 16-way power divider
was designed by using 8 two-way Y-dividers, 7 two-way T-
dividers, and 14 SIW bends [19]. In this design, the author
incorporated novelty in Y-type dividers by keeping the widths
of all ports equal. This is done to avoid a sharp stop peak in
the operating band.

Furthermore, the placement and diameter of inductive
posts were optimized to get better return loss and minimum
reflections. This research paper used guidelines from an
already published paper [18]. Zhang Cheng used this power
divider with uniform distribution for a linearly tapered slot
antenna (LTSA) [33].
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FIGURE 6. (a) Feeding network geometric parameters, (b) an 8-way
uniform power divider [32].

2) MULTI-LAYERED POWER DIVIDERS
Multi-layer configurations have a promising performance in
reducing overall divider size to gain compactness at higher
frequencies, compared to single-layer configurations.

One approach to designing a multi-layer structure is to
utilize a single-layer design and translate it into a multi-
layer structure. This approach can reduce the overall size to
half. For instance, the size of the Antenna array designed
in [32] has been reduced to half by changing the single-layer
configuration to a multi-layer configuration, engraving a cou-
pling slot between the layers [34]. The position and size of
the coupling slot were optimized following the guidelines
from [35] to obtain a better coupling level with an insertion
loss of approximately 1 dB. Also, in this paper, via transition
and aperture transitions of SIW structure have been modeled
as lumped components (inductors and capacitors). By eval-
uating the values of lumped components, the test fixtures
were characterized by S-parameters vs. frequency providing
a validity range.

In some designs, SIW cavity has also been introduced
among multi-layers to suppress the surface waves. This SIW
cavity also acts as a radiator that increases the radiation
resulting in enhanced radiation efficiency and gain [36], [37].

A single-layer SIW feed network incorporated with only
wideband T-junctions for a 4× 4multi-layered cavity-backed
aperture-coupled patch antenna array was presented in [38]
for V-band applications. Despite the radiating-slots perfor-
mance, the feed network was found to be complex due to the
multiple rows of vias required in a single wall to minimize
radiation leakage. In response to the design complexity, a

FIGURE 7. Feed structure of a slotted post-wall waveguide array [50].

multi-layered compact SIW that incorporated the feed net-
work for 256 antenna array elements was proposed in [39].
This new design consists of two layers. One layer includes
the power divider for 64 elements as in the previous design
but without multiple rows of vias. The second layer included
64 sets of a 2 × 2 subarray split for 256 radiating elements,
including one coupling slot in each 2 × 2 subarray to couple
the power from layer 1 to layer 2.

B. SERIES DIVIDERS
Series dividers gained huge attention in recent past years.
In this topology, the signal needs to travel shorter lengths as
compared to corporate dividers, resulting in lower insertion
loss and lower radiation leakage. There are a few series
power dividers reported in the literature [50], [58], [59], [60],
[61], [62] to utilize some benefits of compactness and less
complexity despite some drawbacks that are linked to it. The
first drawback is its higher external mutual coupling due to
the power divider’s lower co-phase bandwidth, which also
resulted in broadened beam width at the E-plane. In addi-
tion, external mutual coupling was found to be high, which
resulted in convergence during array synthesis. Despite its
compactness, a series feed network exhibits lower co-phase
bandwidth, making it frequency sensitive. As the frequency
varies, the antenna beam tends to tilt. Such an attribute
can be utilized in frequency-scanning arrays but is usually
undesirable.

A 6-way series power divider was reported in [50] by Xu.
T-junctions were incorporated into the design as building
blocks of the multi-way divider as shown in Fig. 7. All
junctions were separated by guided wavelength to match the
phases of all the ports along the y-axis. To avoid reflection
caused by coupling windows, one post is introduced in front
of each window.

C. HMSIW DIVIDERS
A basic SIW configuration has a high width-to-height ratio
that leads to more space occupation when integrated with
other miniaturized structures. To reduce the size of SIW by
almost half, an improved guided wave structure called half
mode substrate integrated waveguide (HMSIW) came into
existence. This technique was based on the fact that the max-
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FIGURE 8. The layout of the proposed T-junction [42].

imum electric field of SIW is found vertically to the direction
of propagation. The center plane of SIW can be considered
to act as a magnetic wall. So, the overall SIW structure can
be cut in half along the direction of propagation, keeping the
mode TE10 intact [40]. In 2006, the concept of HMSIW was
proposed byHong et al. [41]. After that, this term gained huge
attention in the research area. For the very first time, a T-
junction HMSIW design was published [42]. In this research
paper, the author used a basic T-junction HMSIW block to
realize a multiport divider. Furthermore, an air gap was used
in the top metal plate for an equal power split ratio, as shown
in Fig. 8.

Additionally, to avoid any additional energy coupling,
a row of vias was introduced along the air gap. This design
proved to be flexible enough to yield an unequal split power
ratio by changing the air gap dimensions. This work presented
in [42] summarizes three structures, i.e., H plane T-junction,
linear hybrid four-way power divider, and series four-way
power divider.

Similarly, by using HMSIW, combiners at higher fre-
quencies were proposed in [40]. They have used identical
HMSIW-to-microstrip transitions to realize a four-way spa-
tial power combiner at Ka-band. A multi-layer four-way out-
of-phase power divider was proposed in [43]. In this research,
the author introduced a novel approach by dividing each input
SIW vertically and each SIW is then laterally coupled to
output HMSIW. Using this technique, −7.0 dB ± 0.5 dB
insertion loss and return loss of about −10dB in a frequency
band of 7.63 GHz to 11.12 GHz were achieved. Another
technique known as image transition was used in [44] by
using the HMSIW technique, as shown in Fig. 10.
Again, air slots and rows of vias are etched in this structure

to meet the purpose.

D. MMI DIVIDERS
The effect of spatial self-imaging was discovered in 1836 by
Talbot [45]. This phenomenon is generated by periodic

FIGURE 9. Proposed ITHMSIW topology [44].

objects which are illuminated by coherent light. It was discov-
ered later that instead of spatial interference by Talbot effects,
interference of multiple modes in optics could also be created
by graded-index waveguides. In a multimode waveguide,
input signals can be reproduced in different images in the
direction of propagation. At first, the overall power is divided
into different modes with different phase velocities. Each
field associated with each mode travels along the direction of
propagation. All modes accumulate and meet certain phase
requirements at a particular transverse plane, creating a final
image at output. To formmultiple images of 2D objects, many
integrated optical applications have used this technique of
self-imaging [46], [47], [48], [49]. Researchers have used
this technique in designing power splitters, combiners, and
modulators.

A 1 × 6 power divider at 25 GHz was presented in [49].
From each input waveguide to the output, they achieved an
insertion loss of around -9dB and an isolation of better than
−10dB between ports but with limited operating bandwidth.
Although MMI technology offers lower insertion loss, there
are some challenges associated with it i.e., less compactness
and limited bandwidth. These challenges are needed to be
investigated further to make MMI dividers feasible enough
to be used at microwave and mm-wave frequency bands.

E. WILKINSON DIVIDERS
As a nature of a 3-port network, a 3-port power divider cannot
meet the requirements of lossless and being matched at all
the ports concurrently. A Wilkinson power divider is a lossy
network that provides good matching at all the ports and a
high degree of isolation between output ports [53].

Wilkinson Power divider provides low insertion loss, wide
bandwidth, and very good VSWR. One drawback associated
with Wilkinson dividers is their lower power handling capa-
bility. This is due to the presence of isolation resistance. This
limitation has been catered to by introducing Gysel power
dividers, discussed in the following section.

Conventionally, Wilkinson power dividers have been real-
ized in microstrip technology. The first design reported
in [54] is an HMSIW H-plane Wilkinson power divider.
The circuit utilized one SIW as an access section and
two HWSIWs as quarter-wave impedance transformers. The
100 � resistance was connected to the ends of the two
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FIGURE 10. SIW Wilkinson power divider [54].

HWSIWs, as shown in Fig. 10. The return losses and isolation
better than 10 dBwere claimed over 40% bandwidth centered
at 10.5 GHz.

Another design of the Wilkinson power divider was
reported in [55]. It was considered a true SIWWilkinson con-
figuration. It strictly followed the Wilkinson power divider
principle. The design used a non-radiating slot in the center
to separate the two HMSIW quarter-wave impedance trans-
formers. The measured results recorded at 15 GHz were the
output return losses of 14.5 dB, the isolation between output
ports of 17 dB, and the insertion loss of about 4 dB. In [56],
two ring-shaped SIW Wilkinson power dividers were pro-
posed by adding transmission lines to connect isolation resis-
tors. The designs solved the problems of variating impedance
without changing cut-off frequency by adding one more layer
under the circle or using the HMSIW structure. Also, the
problem of integration of isolation resistance was studied and
addressed. The design prototype achieved a 25% bandwidth
at the 10 dB reference with a loss of less than 0.75 dB.
The recent work reported in [57] proposed a new modified
architecture of the Wilkinson power divider. The design uti-
lized the same width lines for the access, the quarter-wave
impedance transformer, and the arms for connecting isolation
resistance. The lines have the same impedance and cut-off
frequencies; thus, they can avoid the presence of high-order
modes. Also, the number of isolation resistors was investi-
gated for better isolation. The design gained a 20-dB isolation
bandwidth of 18% centered at 10 GHz with less than 0.3 dB
losses.

F. GYSEL POWER DIVIDERS
Wilkinson and Gysel power dividers have gained more atten-
tion among existing power dividers. Although the classic
Wilkinson power divider offers low insertion loss, wide band-
width, and good VSWR, its high-power handling capacity
is limited. It is due to the distributed capacitance between
an isolated resistor and the ground. On the other hand, the
Gysel power divider has been widely researched in recent
years due to its high-power handling capability, compact size,
and low loss [63], [64], [65], [66], [67], [68], [69], [70], [71],
[72], [73], [74], [75], [76]. A standard Gysel power divider
(GPD) consists of quarter-wave transmission lines with three

different impedance values in order to achieve the required
power division and isolation. The short-ended resistors in
GPD can be easily replaced by external high-power loads.

Furthermore, instead of single-band power dividers, the
demand for multiband power dividers has become inevitable
due to the rapid development of microwave communi-
cation systems. Some research has been done in order
to realize dual-band Gysel power dividers. For instance,
utilizing composite right/left-handed (CRLH) transmission
lines (TLs) [66], incorporating coupled lines [70], using
open/short-ended stubs [71], [72], [73], using fixed char-
acteristic impedance [74], and with different electrical
lengths [75].

At the microwave frequency range, incorporating
microstrip lines (MSL’s) with different widths can cause
higher order modes and unwanted radiations at the level of
discontinuities of MSL’s. In [74], the authors have used trans-
mission lines with fixed characteristic impedances to avoid
fabrication limitations and parasitic capacitances. Keeping
microstrip line widths fixed, the lengths of MSL’s have been
changed in order to realize a simple and compact Gysel power
divider. The above mentioned papers have realized dual-band
Gysel power dividers but with equal power division ratios
at all arms. In [75], an unequal power division ratio has
been achieved by selecting proper electrical lengths and line
impedance of transmission lines.

Apart from the high-power handling capacity (PHC) of
Gysel power dividers (GPD), they offer very limited band-
width. In order to eliminate this drawback, the author has pro-
posed the idea of using a multi-sectional design [76] instead
of a single-section design, as shown in Fig. 11. Additionally,
the large number of sections inherently comes with a large
number of resistors which will facilitate the overall higher
power handling capacity.

G. QMSIW POWER DIVIDERS
Quarter-mode substrate integrated (QMSIW) power dividers
are realized by bisecting the conventional SIW twice along
the symmetrical magnetic wall. The original characteristics
of SIW remain intact even after bisection. The overall size of
SIW is reduced by almost 75% through this kind of bisec-
tion. At microwave frequencies, QMSIW power dividers
offer more compactness as compared to conventional SIW or
HMSIW designs. In [77], QMSIW power dividers have been
proposed with in-phase and out-of-phase topologies. In order
to achieve in-phase performance, two inductive windows are
introduced in the single-layered substrate. While, for out-
of-phase performance, a multi-layer SIW structure has been
proposed that helps reverse the phase to 180 degrees between
the two outputs. Furthermore, QMSIW technology provides
excellent filtering capability keeping the overall size com-
pact. In [78], a triple-mode filter has been investigated based
onQMSIW technology. In order to get desired bandwidth and
resonant modes, a small via-hole is introduced at the lower
right corner of the triangular section of QMSIW as shown
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FIGURE 11. Block diagram of a multi-sectional Gysel Power divider
(GPD) [76].

FIGURE 12. Geometrical diagram of a triple-mode filter incorporating
QMSIW [78].

in Fig. 12. The placement of the hole plays a very important
role in achieving desired TM modes. Another technique of
ridged [79] and folded ridged QMSIW [80] has been investi-
gated in past research work. These techniques further reduce
the overall size of QMSIW. In [81], a ridged QMSIW cavity
is folded to reduce the covered area by 92%. In this paper, a
dual-band band-stop filter is designed by adding two tunable
capacitances with two different resonators. These resonators
are combined through an impedance inverter to realize a dual-
band filter.

H. EMSIW POWER DIVIDERS
Eight-mode substrate-integrated (EMSIW) power dividers
are realized by bisecting the conventional QMSIW twice
along the fictitious symmetrical magnetic wall [82]. The
overall size reduces drastically, but the resonant frequencies
remain intact. EMSIW offers an 87.5% size reduction as
compared to the conventional SIW. In [83], a wide-band

FIGURE 13. (a) Geometrical diagram of a third-order band pass filter
using EMSIW. (b) Modified structure by increasing coupling between
source and load [84].

LTCC bandpass filter has been proposed using the EMSIW
technique. Low-temperature ceramic con-fire (LTCC) plays
a major role in package size reduction. That’s why this paper
has introduced a very compact design using both techniques
of LTCC and EMSIW. Furthermore, in [84], a third-order
band-pass filter is designed using QMSIW and EMSIW
together, as shown in Fig. 13. In the modified structure, the
coupling between the source and load has been increased in
order to achieve better frequency selectivity.

I. SIW CAVITIES POWER DIVIDERS
Substrate integrated waveguide cavities are used for better
isolation as well as better filtering functionality. For mil-
limeter wave (mm-wave) bands, filters are of huge impor-
tance to suppress the out-of-band noise and improve overall
wireless communications. In [85], a triangular SIW cavity
is used in order to design a SIW filtering power divider as
shown in Fig. 14. Conventional SIW power divider ignores
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FIGURE 14. Geometric diagram of a SIW filtering power divider using
triangular SIW cavity [85].

the coupling effect between the ports. This paper incorpo-
rates an isolation resistance of 100 ohms in order to achieve
higher isolation between the output ports. Similarly, in [86],
two TE101 mode SIW cavities have been used in order to
design a two-waymulti-layer filtering power divider. Another
advantage of this design is better isolation which has been
achieved by adding an isolation resistance between the output
ports. A rectangular coupled slot is used for better impedance
matching between the micro-strip line and SIW.

In [87], a pre-defined filtering power divider has been
used to investigate a SIW filtenna array. Filtenna is basically
a combination of an antenna array with a filter. It plays a
vital role in improving the performance of mm-wave systems.
Intensive research has been done on filtenna arrays based on
SIW cavities [88], [89], [90], [91], [92], [93]. The proposed
designs in these papers are not cost-effective and simple due
to their multi-layer configurations. Furthermore, the feeding
networks in these research papers use uniform power dis-
tribution that causes high side lobe levels. This paper [87],
introduces non-uniform power distribution in order to sup-
press high side lobe levels. The filtering power divider (FPD)
consists of two SIW cavities, including TE101 and TE301
modes. These cavities are interlinked with each other in such
a way that TE301 distributes the overall energy into three
output ports. These ports are then connected to cavity 2 for
further power distribution by the ratio of 1:3:1.

J. OVERALL PERFORMANCE COMPARISON
All possible substrate integrated waveguide power dividers
have been discussed along with their performance parame-
ters in this section. In order to get an overall performance
comparison among all types of SIW power dividers, the key
parameters are listed below in Table. I.

IV. DESIGN GUIDELINES
This section provides comprehensive design guidelines
through a critical analysis of the basic building blocks of
SIW power dividers. In order to give deep insight to readers,
parametric analysis is presented for 2-way Y-type and T-type
SIW power dividers. Some important design curves, showing

TABLE 1. Key parameters of different SIW power dividers.

return loss and insertion loss, are plotted through this investi-
gation. For instance, the reflections caused by SIW bends can
be mitigated using three different methods: i) introduction of
induction poles at the SIW bends, ii) using right-angle SIW
bends, and iii) using swept-arc SIW bends with optimized
angle. This section analyzes and compares all these methods
in terms of the reflection coefficient. Finally, a parametric
analysis of some important variables is also presented, giving
clear directions for designing SIW power dividers. These
parameters include SIW width, via diameter, and induction
pole placement.

A. Y-TYPE 2-WAY SIW POWER DIVIDERS
This basic 2-way power divider, shown in Fig. 15, has
been investigated completely by parametric analysis of
some important design parameters in the CST Microwave
studio platform. These parameters include SIW width,
SIW bends, and reflection-canceling poles. All the results
have been critically analyzed to get a better compari-
son. This detailed comparison will help readers to have
a deep insight into designing any kind of SIW power
dividers.
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FIGURE 15. Geometry of basic SIW 2-way Y-type power divider with
design parameters.

FIGURE 16. S-parameters for different values of effective SIW widths (a).
Return loss S11 (b). S21 transferred power.

1) EFFECT OF EFFECTIVE SIW WIDTH
The effective width of SIW power dividers is the most impor-
tant parameter to maintain the operating bandwidth at the
corresponding frequency range. Furthermore, the choice of

FIGURE 17. S-parameters for different SIW bends (a). Return loss S11 (b).
S21 transferred power.

via diameter (d) along with via spacing (s) has a greater
impact on the overall performance. The empirical formulas
given in (1) and (2) are extracted keeping in view the impor-
tance of the s/d and d/W ratio. As the sidewalls of SIW, are
made of periodic arrays of metallic posts, some unwanted
leakage loss occurs due to via spacing. If the distance between
consecutive posts and their diameter are carefully selected,
the extra energy leakage becomes nearly negligible. In order
to avoid extra leakage loss, the s/d ratio must be kept less
than 2 and the d/W ratio must be less than 1/5. Additionally,
the distance of the input port from the output ports (L), has a
greater impact on achieving the lowest level of return loss.

As a first step in designing any SIW power divider, weff
must be calculated through (2). As illustrated in Fig. 16,
overall operating bandwidth shifts towards a lower frequency
range with an increase in weff of SIW. This graphical rep-
resentation reveals the fact that effective SIW width (weff )
is inversely proportional to the operating frequency, as men-
tioned in (4).

2) EFFECT OF SIW BENDS
Once effective SIW width is calculated and optimized via
distance and via diameters, the next step is the selection of
SIW bends. There are 3 different methods of incorporating
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FIGURE 18. S-for center inductive pole (a). S21 transferred power (b).
Return loss S11.

SIW bends i.e., Sharp SIW bends with reflection-canceling
poles, right-angle bends with optimized length, and swept-
arc bends. Every type provides its benefits along with some
limitations. As shown in the graph below in Fig. 17, swept-
arc and right-angle SIW bends provide better return loss
but limit the operational bandwidth to the lower operating
frequencies. If a system has to be designed in the Ku-band,
swept-arc bends are more promising than all other types.
Similarly, right-angle bends prove themselves to be suitable
for achieving better return loss but with optimized bending
length.

3) EFFECT OF INDUCTION POLE AT CENTER
Reflection-canceling inductive poles at the edges and center
play a vital role in the overall performance of SIW power
dividers. The center inductive pole defines the higher cut-off
frequency and returns the loss level. If a system needs to
be designed with wider bandwidth and a return loss level
of around −15dB, a center inductive pole with an optimized
radius and distance from an input port helps achieve the goal.
On the contrary, if the desired operating bandwith of asystem

FIGURE 19. (a) The geometry of basic SIW 2-way T-type power divider
with design parameters. (b) Introduction of center triangle.

FIGURE 20. S-parameters for different input port lengths.

is limited, e.g., Ku-band (18.7 GHz), the SIW power divider
without an inductive pole at the center offers a return loss
better than (−30dB) at the required bandwidth, as shown in
graphs given in Fig. 18. The dotted line curve in Fig. 18 (a)
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FIGURE 21. (a) S11 for different radii of the center pole, (b) For
introducing the center triangle.

(corresponding to the design without center inductive pole)
shows a return loss close to −30dB but with a narrower
bandwidth. That means if the system does not require a wide
bandwidth, the center inductive pole should be avoided to
achieve better return loss.

B. T-TYPE 2-WAY SIW POWER DIVIDERS
Similar to the Y-type SIW power divider, the T-type SIW
power divider shown in Fig. 19, has also been investigated
well to get a deep insight into design parameters. This type
of divider has been analyzed depending upon different design
parameters i.e. input and output port lengths (Lp1, Lp23), dif-
ferent radii of the center inductive pole (R2), and distance of
inductive pole from the upper SIW wall (O2). These param-
eters play a vital role in achieving desired levels of return
loss, and insertion loss within the operating bandwidth. The
optimized value of Input port length achieves better return
loss with very less change in overall operating bandwidth.
Similarly, the center pole radius choice specifies the operating
range of frequencies with minimum return loss achieved. The

FIGURE 22. S-parameters for different distances of the center inductive
pole (a). S11 (b). S21.

effect of all these parameters has been elaborated well with
the help of graphs.

1) EFFECT OF INPUT PORT LENGTH
This parametric analysis will give a deep understanding of
the effect of the length of the input port on return loss and
operating bandwidth. As shown in Fig. 20, decreasing the
length of the input port results in achieving better return loss,
especially at Ku-band and other adjacent frequencies. It is
obvious from the graph that there is no significant change in
operating bandwidth.

2) EFFECT OF DIFFERENT RADII OF THE CENTER INDUCTIVE
POLE (R2)
The center inductive pole is of much importance to achieving
the optimized performance of the SIW power divider. There
are 2 different methods of achieving better return loss. One
is to introduce a single inductive pole at the center, and the
secondmethod is to introduce a triangle in between the output
ports along with the center inductive pole. These two meth-
ods are compared well through a graphical representation
of return loss, depicted in Fig. 21. It can be seen that by
introducing a triangle in the center of two output ports, return
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loss of 20 dB and 35.5 dB were achieved at the desired band
(16.5-22 GHz) and 18.7GHz (ku-band), respectively.

3) EFFECT OF THE DISTANCE OF THE CENTER INDUCTIVE
POLE FROM THE UPPER SIW WALL (O2)
Placement of the center inductive pole plays a vital role in
achieving optimized results for return loss as well as trans-
ferred power between ou Type equation here. tput and input
ports. It is evident from the graphs given in Fig. 22 that the
optimized distance of the center pole from the upper SIWwall
gives optimum results for S11 and S21. All other parameters
majorly affect return loss, but this factor strongly influences
both S11 and S21.

V. CONCLUSION
This paper gives an overview of different types of SIW power
dividers. The overall performance of each topology greatly
depends upon the selection of SIW bends, induction poles,
and their placements. These factors must be considered to get
the desired bandwidth, return loss, and balanced phase. The
different SIW power dividers can be summarized with their
advantages and disadvantages as follows:
1. In designing feed networks for different antenna arrays,

corporate SIW power dividers are the best choice for
suppressing side lobe levels (SLLs) over the operating
bandwidth without any beam squinting.

2. Suppressing side lobe levels can be possible by achieving
an unequal split ratio through corporate dividers but at the
cost of lower compactness and poor isolation.

3. These limitations caused by corporate dividers can be
overcome by using a multi-layered configuration.

4. To achieve lower insertion loss, series power dividers are
more promising compared to the corporate SIW power
dividers.
To date, corporate power dividers have received great

research interest, but other topologies need intense investi-
gation to design the optimal system. This can lead to having
more options for selecting a suitable type of power divider for
specific applications.

This study has provided a comprehensive review of all
types of SIW power dividers, along with their important
design guidelines. This paper will help readers to have a clear
vision of SIW technology.
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